Research Highlights: Biochar is the carbonaceous product of pyrolysis or the gasification of biomass that is used as soil amendment to improve soil fertility and increase soil carbon stock. Biochar has been shown to increase, decrease, or have no effect on the emissions of greenhouse gases (GHG) from soil, depending on the specific soil and biochar characteristics. However, the temperature sensitivity of these gas emissions in biochar-amended soils is still poorly investigated. Background and Objectives: A pot experiment was set up to investigate the impact of woodchips biochar on the temperature sensitivity of the main GHG (CO 2 , CH 4 , and N 2 O) emissions from soil. Materials and Methods: Nine pots (14 L volume) were filled with soil mixed with biochar at two application rates (0.021 kg of biochar/kg of soil and 0.042 kg of biochar/kg of soil) or with soil alone as the control (three pots per treatment). Pots were incubated in a growth chamber and the emissions of CO 2 , CH 4 , and N 2 O were monitored for two weeks with a cavity ring-down gas analyzer connected to three closed dynamic chambers. The temperature in the chamber increased from 10 • C to 30 • C during the first week and decreased back to 10 • C during the second week, with a daily change of 5 • C. Soil water content was kept at 20% (w/w). Results: Biochar application did not significantly affect the temperature sensitivity of CO 2 and N 2 O emissions. However, the sensitivity of CH 4 uptake from soil significantly decreased by the application of biochar, reducing the CH 4 soil consumption compared to the un-amended soil, especially at high soil temperatures. Basal CO 2 respiration at 10 • C was significantly higher in the highest biochar application rate compared to the control soil. Conclusions: These results confirmed that the magnitude and direction of the influence of biochar on temperature sensitivity of GHG emissions depend on the specific GHG considered. The biochar tested in this study did not affect soil N 2 O emission and only marginally affected CO 2 emission in a wide range of soil temperatures. However, it showed a negative impact on soil CH 4 uptake, particularly at a high temperature, having important implications in a future warmer climate scenario and at higher application rates.
Introduction
Forest management can contribute to climate change mitigation by allocating woody biomass to bioenergy production, thus displacing fossil fuel use [1] . Among the energy conversion processes that can utilize woody biomass as feedstock, pyrolysis and gasification are acknowledged to be promising technologies in terms of carbon (C) budget [2] . During pyrolysis and gasification, biomass is thermally degraded through heating (300-1200 • C) under the complete or partial exclusion of oxygen. The volatile components of biomass are therefore released in the form of syngas, that can be used to produce thermal energy, electricity, or an oily fuel, and the leftover by-product of this process is charcoal [3] . In the last two decades, this C-rich, solid material has been proposed as a soil amendment with the name of biochar [4] .
Due to its chemical structure, biochar is supposed to be particularly recalcitrant to soil degradation [5] , even if estimations of its mean residence time vary from decades to millennia, depending on the starting feedstock, the production conditions, and the characteristics of the amended soil [6] [7] [8] . Biochar has been shown to improve soil characteristics and plant productivity in agricultural and forest ecosystems [9] [10] [11] [12] [13] as well as reduce nutrient losses from soil [14] [15] [16] . For these reasons, biochar has been proposed in forest restoration as a replacement to other forms of organic amendments and liming agents, particularly in degraded sites [9] . Applying biochar to forest soils may therefore contribute to mitigate climate change through the increase of soil C stock, improve soil characteristics, and allow at the same time the valorization of the woody biomass gasification chain, by turning what is now considered a waste into a resource.
However, little research has been conducted on biochar in forest ecosystems compared to agricultural crops [1, 13, 17 ] and most of the information on charcoal in forest ecosystems in the literature derives from studies on wildfires [18] .
To evaluate the real climate change mitigation potential of biochar, its impact on greenhouse gases (GHG) emissions from soil has to be accounted. In fact, it is estimated that soil emissions of carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O) represent 35%, 47%, and 53% of the total annual global emissions of these greenhouse gases (GHG), respectively [19, 20] . Biochar has been shown to affect soil GHG emissions in different ways, depending on biochar and soil characteristics. For example, biochar application decreased [21] , increased [22, 23] , or had no effect [24] [25] [26] on soil CO 2 emissions. Different results have also been obtained for CH 4 . Biochar can in fact contribute to mitigate CH 4 emissions from flooded soils under anoxic conditions, while in non-flooded soils, especially if neutral or alkaline, biochar may decrease soil CH 4 uptake [27] . Finally, biochar has been shown to strongly reduce soil N 2 O emissions in different situations, even if increases in emissions have been observed as well [28] .
While different studies have examined the effect of biochar application on GHG soil emissions, only a few have evaluated the impact that specific environmental parameters exert on these emissions in biochar-amended soils. Soil temperature is known to be the most important driver of GHG fluxes from soil [20, 29, 30] , as well as of biochar oxidation and decomposition [31] . However, the effect of temperature on GHG fluxes in biochar-amended soil has been poorly investigated. Understanding the role of temperature is fundamental to assessing the effect of biochar on GHG emissions in different climatic conditions and in the context of climate change.
The overall aim of this study was to assess the effect of biochar on temperature sensitivity and basal emission of soil GHG fluxes. In particular, soil CO 2 , CH 4 , and N 2 O fluxes were measured in soils amended with woodchip biochar at two application rates and in un-amended (control) soils. During the experiment, the soil moisture was kept constant at 20% (w/w) in all treatments and the temperature ranged between 10 • C and 30 • C.
We hypothesized that the application of biochar could affect the sensitivity to temperature and the basal value of CO 2 , N 2 O, and CH 4 flux.
Our experimental results partially confirmed our hypothesis. In fact, biochar application did not affect the temperature sensitivity of CO 2 and N 2 O fluxes, while it significantly reduced that of CH 4 flux. On the contrary, basal respiration significantly increased for CO 2 by biochar application.
Materials and Methods

Experimental Set Up and Soil and Biochar Characteristics
The soil used in the experiment was sampled near Merano (Bolzano Province, Northern Italy, 46 • 40 0.181" N, 11 • 11 39.282" E; about 600 m a.s.l.). The soil was sandy-loam soil (USDA classification), with 64% sand, 29% silt, and 7% clay. The soil organic carbon (SOC) content was 2.4 ± 0.8% and soil pH was 6.4 ± 0.2. The soil water content at field capacity, calculated using the SPAW model (USDA-ARS) was 20% (v/v). The soil was sieved to a 8 mm mesh size to remove stones and coarse organic matter fragments.
The biochar used in the experiment consisted of small particles (<5 mm) and was obtained from conifer woodchips, at approximately 500 • C, through fast pyrolysis (Record Immobiliare S.r.l., Lunano, Pesaro-Urbino, Italy). Biochar was characterized by a bulk density of 0.165 g cm −3 and C:N ratio of 151. A detailed physicochemical characterization of the biochar used in this experiment is provided in Table 1 . B1 and B2 treatments were prepared by mixing biochar and the sieved soil at two rates: 0.021 kg of biochar kg −1 of soil (dry weight) (B1), and 0.042 kg of biochar kg −1 of soil (dry weight) (B2), respectively. The two mixing rates corresponded to field biochar application doses of 25 ton ha −1 and 50 ton ha −1 , respectively, considering a field biochar incorporation depth of 20 cm and are in line with the biochar dosages used in the majority of previous studies in forest ecosystems [9] . Biochar and soil mixtures where then homogenized with a concrete mixer.
The experiment was set up in July 2018 in a growth chamber at the Laimburg research center for Agriculture and Forestry located in Auer/Ora (BZ), Northern Italy. A total of 9 pots (45 cm × 25 cm × 21 cm, 14 L volume) were filled with soil mixed with biochar or with un-amended soil as the control. A total of 3 replicates (pots) were prepared for each treatment. The pots were stored in the growth chamber for two weeks at 10 • C temperature. The temperature in the chamber was then increased from 10 • C to 30 • C during one week (first week of experiment), and from 30 • C back to 10 • C during the following week (second week of experiment), with an overnight change of 5 • C per day. The lowest temperature (10 • C) was chosen because it is a standard temperature used internationally to compare the soil respiration of different experimental sites or treatments, the so called basal soil respiration at 10 • C (R 10 ) [32] . The highest temperature (30 • C) was chosen because the maximum monthly temperature measured in Merano between 2011 and 2017 was on average 29.1 • C [33]. In order to isolate the effect of soil temperature, excluding any effect of soil humidity on soil GHG fluxes, soil moisture was kept constant at 20% (w/w) in all treatments. Soil water content at the beginning of the experiment was measured in each pot by collecting a soil subsample (~10 g of soil) and drying it for 24 h at 105 • C. The amount of water to be added daily to the soil was calculated as the difference between the actual weight of the pot and the theoretical weight if the soil moisture was equal to 20% (w/w).
Measurement of Soil GHG Fluxes
The emissions of GHG from the soil were measured by a gas analyzer CRDS (Picarro Inc., Santa Clara, CA, USA), connected to 3 closed dynamic chambers (eosAC Autochamber, Eosense Inc., Dartmouth, NS, Canada) operated by a multiplexer (eosMX, Eosense Inc., Dartmouth, NS, Canada). The chambers were installed on PVC (polymerizing vinyl chloride) collars (15.2 cm diameter, 7 cm height) inserted into the soil, 1 per pot, for 4 cm. Fluxes of CO 2 (µmol m −2 s −1 ), N 2 O, and CH 4 (nmol m −2 s −1 ) were measured daily from the 3 experimental treatments by manually moving one chamber (leaving the collars on the soil) on the 3 pots of each treatment. The measurements on each pot lasted for 10 min. A valve delay of 66 s was set at the beginning and at the end of each measurement to account for the time needed to draw the air from the chamber, analyze the gas concentrations, and then recirculate the air sample back to the chamber through a tubing length of 30 m. During measurements, the soil temperature ( • C) was measured at a 5 cm soil depth by a RT-1 Rugged Soil Temperature Sensor (Decagon Devices, Inc., Pullman, WA, USA).
Data Analysis
After the elimination of data associated with system malfunctioning, soil CO 2 flux (soil respiration) measured in the different treatments were related to soil temperature using the following exponential model:
where Fs is the soil CO 2 flux, T is the soil temperature ( • C) at 5 cm depth, and R 10 is the basal soil respiration, i.e., the value of Fs at the reference temperature of 10 • C. The model parameters R 10 and b were estimated by nonlinear regression analysis. The apparent sensitivity of CO 2 flux to soil temperature was determined by the Q 10 temperature coefficient as follows:
Fluxes of CH 4 and N 2 O were related to soil temperature using a linear model:
where Fs is the soil CH 4 or N 2 O flux, T is the soil temperature ( • C) at 5 cm depth, and R 10 is the basal emission at 10 • C. Parameters R 10 and b (slope of the regression line) are estimated by linear regression analysis. For each gas, the linear regression models obtained in the different experimental treatments were then compared by Analysis of Covariance (ANCOVA) to analyze the effect of biochar on the sensitivity of GHG fluxes to temperature. Equation (1) was linearized with a log-transformation of CO 2 efflux data before analysis. At first the slopes of the linear regression model were compared and then only when the slopes were not significantly different, and the intercepts of the regression lines were also compared. In case ANCOVA highlighted significant differences, post-hoc individual comparisons were performed with the Tukey's HSD test. The homogeneity of variances was checked before analysis by plotting the residual vs. fitted values. When this condition was not fulfilled, a square root transformation was applied to the data before analysis. Statistical analysis was performed using the software R (version 3.4.2) [34] .
Results
The highest CO 2 emission rates were observed in the biochar-treated soils (Figure 1 ). Biochar application did not significantly affect the Q 10 value of CO 2 fluxes, while it significantly increased R 10 of CO 2 when applied at the highest rate in comparison to the control (Figure 1 and Table 2 ).
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Discussion
Soil temperature is known to be the most important driver of GHG fluxes from soil [20, 29, 30] , as well as of biochar oxidation and decomposition [31] . The temperature sensitivity of GHG fluxes is therefore a key parameter to predict the impact that global warming will have on the flux of GHG [35, 36] .
In our experiment, we observed a positive exponential relationship between CO 2 fluxes and the temperature in biochar-amended soils. This relation was typically observed in forest and plantation ecosystems [25, 26, 30, 37, 38] . The absence of a significant modification of the Q 10 after the application of biochar (Figure 1 , Table 2 ) was coherent with what was observed in previous studies with different biochars and application rates [26, 37, 39] . However, this result is inconsistent with other studies that reported a decrease [40] [41] [42] or an increase [25, 43] to the temperature sensitivity of CO 2 emissions. These contrasting results derives from the complexity of the factors involved. In fact, the Q 10 of biochar was expected to be higher than the less recalcitrant native soil organic matter (SOM) [44] , but the sensitivity of CO 2 fluxes in biochar-amended soils also depends on the impact that biochar has on the Q 10 of the native soil's organic matter [45] . Moreover, results can also change according to the incubation temperature range and soil type. More specifically, a smaller sensitivity was expected in soils with high clay, Fe, and Al oxides content as well as with an acidic pH [46] .
In the present study, basal soil respiration increased significantly in the soil that was amended with biochar at a higher application rate. A R 10 increase was found for heterotrophic respiration in different environments such as apple orchards [26] and the desert [47] after the application of biochar produced from wood and cotton straw, respectively. A significant increase in R 10 for total soil respiration was also observed in soils amended with poultry litter biochar [48] .
These results have been attributed to an increase of microbial biomass and/or activity [26, 48] . The stimulation of soil microbes can derive from the decomposition of the labile fraction of biochar, consisting of bio-oils and condensation products [49] [50] [51] [52] [53] . However, the degradation of the more recalcitrant C compounds cannot be excluded [54] . This mechanism can be the main driver of the increased CO 2 efflux observed after biochar application in both agricultural and forest ecosystems [17, 26] . Moreover, we cannot exclude that the increased CO 2 fluxes derive from an increased decomposition of the native soil's organic matter, the so-called priming effect (PE). In fact, a positive PE has been observed in several short term studies [55, 56] , especially in sandy soils [52] , while in the long term, a protection of native organic matter from decomposition (negative PE) is generally observed in biochar-amended soils [23, 57] . A boost in soil microbiota activity can also be due to a shift in soil properties such as soil aeration [58] . Biochar is characterized by a high porosity, which may have increased soil gas permeability and oxygen availability for soil microbes. Moreover, even if the soil water content was kept constant during the incubation experiment, the presence of biochar may have affected the availability of soil water by soil microorganisms. Biochar can in fact alter soil water potential [59, 60] , which is known to impact soil microbial population and activity [61] .
Non-flooded soils in an oxic condition usually show a CH 4 -sink capacity [62] , as CH 4 is oxidized by soil methanotrophic bacteria, and the rate of CH 4 oxidation depends on soil temperature [63] . This trend was also observed in the present study, as CH 4 consumption increased linearly with soil temperature (Figure 2 ). The decreased sensitivity to soil temperature of CH 4 flux in biochar-treated soil means that biochar decreased CH 4 consumption at a higher soil temperature, while at a lower soil temperature this effect was less pronounced. In their meta-analysis, Jeffery et al. [27] showed that the application of biochar from woody feedstock, produced at temperatures between 400 • C and 600 • C, decreases soil CH 4 uptake in non-flooded soils, especially in neutral or alkaline soil pH. Results of the present study are in line with these findings as our biochar was produced from wood chips at approximately 500 • C, and the soil water content was kept at 20%. Non-flooded upland soils contribute to approximately 15% of global CH 4 oxidation [64] , therefore biochar application may decrease net CH 4 oxidation, reducing the climate change mitigation potential of these soils. However, few studies examined the sensitivity of CH 4 soil flux to temperature. Our study showed that the reduction of soil CH 4 uptake induced by biochar increased with soil temperature. This effect could therefore more pronounced under warmer climatic conditions and may worsen within the context of global warming. Moreover, the reduction of sensitivity to temperature for CH 4 was much more evident in the B2 treatment, which suggests not using high biochar application rates in order to preserve the soil CH 4 uptake capacity. However, a significant increase in soil CH 4 uptake [37, 65] and sensitivity to temperature [37] was observed in some experiments in non-flooded soils, contradicting the results of the present work and showing that the relation between biochar, soil, and CH 4 emissions is complex and hard to predict.
The mechanism behind the reduction of CH 4 oxidation might be a modification of the methanogenic/methanotrophic bacteria ratio in biochar-amended soils [66] , and the release of chemicals with a toxic effect on the methanotrophic bacteria population, such as ethylene [67] . In addition, even if the soil water content was kept constant, biochar may have altered soil water potential and water availability for soil bacteria.
Soil N 2 O emissions in the present work increased linearly with the temperature in all soil treatments and the application of biochar did not affect temperature sensitivity or basal soil N 2 O emissions ( Figure 3 , Table 2 ). These results confirm a previous study by [68] but are in contrast with other studies, reporting a significant reduction of N 2 O flux sensitivity to temperature, both in subtropical [37] and continental climate [69] . In a meta-analysis by Cayuela et al. [28] , an average reduction of 54% in N 2 O emissions has been reported in biochar-treated soils. In this case, the variability observed in the experimental results has been shown to depend on different characteristics of biochar (feedstock used, pyrolysis conditions, and C/N ratio) and soil. In particular, when biochar is applied to drained soils with a coarse texture, reduction in N 2 O emissions has not been observed [28, 70] . In our experiment, soil moisture was kept at a relatively low value, not exceeding the field capacity of the sandy-loam textured soil. In these conditions, it was likely that N 2 O emission was not promoted and the effect of biochar was consequently not relevant.
In previous studies, an observed reduction of N 2 O emissions from soils was explained by a toxic effect on soil microbes involved in N 2 O production of Polycyclic aromatic hydrocarbons (PAHs) [71, 72] . The PAHs content in the biochar used in this study was very low (Table 1) and therefore a toxic effect on soil biota was unlikely.
A decrease of soil N 2 O emissions has also been associated with a shift in the soil's physical properties, such as a reduction in soil compaction [73] . This mechanism cannot have occurred in our experiment, as it was set up in controlled conditions and the soil was not subjected to compaction.
The reduction of N 2 O emissions observed in previous studies has also been attributed to the sorption of reactive N on biochar surfaces and the reduction of its availability for N 2 O emitting reactions. However, this mechanism is observed in case of biochar production at temperatures higher than 600 • C [74, 75] . The absence of the biochar effect on the sensitivity to temperature of N 2 O emission would suggest that biochar will not affect the emission of this powerful greenhouse gas in warmer climatic conditions. It has to be considered that the short experimental duration of this study might limit the validity of the results to the first period after the application of biochar [76, 77] . Therefore, these results may not be representative of the effect of biochar on long-term GHG emissions from soil in field application.
Conclusions
Before concluding if biochar application to soil is a forest management practice that is able to mitigate climate change, an evaluation of its effect on soil GHG emission is fundamental. The results of the present work show that biochar addition to soil did not significantly affect the sensitivity of CO 2 and N 2 O fluxes, while it slightly increased the CO 2 basal soil respiration in case of a high application rate, indicating that biochar application would not affect the emission of these gases in warmer climatic conditions. However, the significant decrease of the temperature sensitivity of soil CH 4 uptake indicated that biochar can induce an important reduction of the soil CH 4 sink potential, in particular in a warmer environment, and this effect can become more relevant in a global warming scenario. Moreover, the reduction of sensitivity to temperature for CH 4 was much more evident in the case of the higher application rate, suggesting that high biochar dosages should be avoided in order to preserve the soil CH 4 uptake capacity.
The observed effects seem to depend on specific biochar characteristics (temperature of production, low content of PAHs) and soil characteristics (sandy-loam, drained soil). However, long-term field studies are advisable in order to guarantee a thorough understanding of the impact of biochar on GHG emissions from soil. Funding: This research was funded by the Wood-Up project (Optimization of WOOD gasification chain in South Tyrol to produce bioenergy and other high-value green products to enhance soil fertility and mitigate climate change, EFRE-FESR 2014-2020, project number 1028), funded by the European Regional Development Fund of the European Union and the Autonomous Province of Bolzano/Bozen.
